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Premature Senescence of Balding Dermal Papilla
Cells In Vitro Is Associated with p16INK4a Expression
Adiam W. Bahta1, Nilofer Farjo2, Bessam Farjo2 and Mike P. Philpott1
Androgenetic alopecia (AGA), a hereditary disorder that involves the progressive thinning of hair in a defined
pattern, is driven by androgens. The hair follicle dermal papilla (DP) expresses androgen receptors (AR) and
plays an important role in the control of normal hair growth. In AGA, it has been proposed that the inhibitory
actions of androgens are mediated via the DP although the molecular nature of these interactions is poorly
understood. To investigate mechanisms of AGA, we cultured DP cells (DPC) from balding and non-balding scalp
and confirmed previous reports that balding DPC grow slower in vitro than non-balding DPC. Loss of
proliferative capacity of balding DPC was associated with changes in cell morphology, expression of
senescence-associated b-galactosidase, as well as decreased expression of proliferating cell nuclear antigen
and Bmi-1; upregulation of p16INK4a/pRb and nuclear expression of markers of oxidative stress and DNA damage
including heat shock protein-27, super oxide dismutase catalase, ataxia-telangiectasia-mutated kinase (ATM),
and ATM- and Rad3-related protein. Premature senescence of balding DPC in vitro in association with
expression of p16INK4a/pRB suggests that balding DPC are sensitive to environmental stress and identifies
alternative pathways that could lead to novel therapeutic strategies for treatment of AGA.
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INTRODUCTION
It is well known that human hair follicles at specific body
sites are responsive to androgens (Randall et al., 2000). In
beard, axillary and pubic regions, androgens stimulate the
conversion of vellus to terminal hairs, whereas in frontal
scalp regions of genetically predisposed individuals andro-
gens trigger miniaturization of hair follicles via conversion of
terminal to vellus hair follicles (Hamilton, 1951). The
response of hair follicles to androgens appears to be
dependent upon the end-organ sensitivity of individual hair
follicles (Deplewski and Rosenfield, 2000). Androgen recep-
tors (ARs) have been detected in the dermal papilla (DP) by
ligand-binding assays (Randall et al., 1991) and immunohis-
tochemistry (Choudhry et al., 1992). DP cells (DPC) from
androgen-dependent follicles contain more AR than non-
androgen-dependent follicles (Randall et al., 1992; Hibberts
et al., 1998) and have higher levels of 5-a reductase activity
(Itami et al., 1990; Thornton et al., 1993). The DP plays an
important role in controlling hair growth and the hair growth
cycle (Oliver, 1966) and secretes a range of growth regulatory
factors (Peus and Pittelkow, 1996; Botchkarev and Kishimoto,
2003).
The molecular mechanisms by which androgens mediate
hair growth and especially their mechanism of action in
androgenetic alopecia (AGA) are poorly understood. How-
ever, models of androgen-mediated regulation of hair growth
propose that androgen binding to the AR in the DP effects
changes in gene transcription that regulate hair growth and
the hair growth cycle (Itami et al., 1991; Randall et al., 1991).
In support of these models, Itami et al. (1995) have shown
that cultured beard DPC secrete IGF-I in response to
androgen and Inui et al. (2002) have reported that dihydro-
testosterone stimulates secretion of transforming growth
factor-b (TGF-b) by cultured balding scalp DP. TGF-b is
known to induce a catagen-like morphology and inhibit
human hair follicle growth in vitro (Philpott et al., 1990) and
more recently Hamada and Randall (2006) have shown that
balding DPC secrete factors that delay the onset of anagen in
mice in vivo. Although the nature of these inhibitory factors
remains to be determined, the observations of (Hamada and
Randall, 2006) combined with that of Inui et al. (2002) may
explain one mechanism by which the progressive miniaturi-
zation of hair follicles in AGA may be driven (Whiting, 2001).
We now confirm previous studies showing that balding
DPC have much slower growth rates in vitro when compared
with non-balding DPC (Randall et al., 1996). We demonstrate
further that balding but not non-balding DPC undergo
premature senescence in vitro and that this is associated
with expression of p16INK4a/pRb. In addition, balding DPC
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expressed a number of markers of oxidative stress and DNA
damage, including heat shock protein-27 (HSP-27), super
oxide dismutase 1, catalase, ataxia-telangiectasia-mutated
kinase (ATM), and the ATM- and Rad3-related protein (ATR).
As the p16INK4a/pRb pathway is involved in cell senescence
in response to environmental stress, we suggest that the
premature senescence of balding DPC in vitro reflects an
increased, in vivo, sensitivity of balding DPC to environ-
mental stress.
RESULTS
Loss of proliferative capacity in balding DPC is associated with
premature cell senescence
Cell proliferation assays using Alamar Blue (Figure 1) confirm
previous data from other groups (Randall et al., 1996) and
show that growth rates of balding DPC in vitro are much
slower than of non-balding DPC. In addition to confirming
these slower growth rates in balding DPC, we also observed
that while non-balding DPC seeded at a density of 2104
cells would undergo repeated cell passage. DPC from balding
scalp seeded at the same density (2 104 cells) usually
underwent growth arrest and could rarely be passaged
beyond passage P2–P4. Therefore, it would appear that the
slower growth rate of balding DPC seen by Randall et al.
(1996) and in this study occurs as a result of rapid exhaustion
of proliferative ability in vitro and that this does not occur in
non-balding DPC of the same passage number.
The loss of proliferative capacity and the ability to passage
balding DPC was associated with a change in phenotype
from typically elongated fibroblastic cells to much larger
flatter, polymorphic cells with very pronounced stress
filaments (Figure 2), a characteristic of senescent fibroblasts
(Bayreuther et al., 1988; Alaluf et al., 2000; Chen et al.,
2004). To establish further whether this loss of proliferative
capacity was associated with premature senescence in
cultured balding DPC, we used a well-characterized marker
of in vitro cell senescence namely senescence-associated
b-galactosidase (SA-b-Gal) (Dimri et al., 1995). Balding DPC
at passage P2 showed strong positive SA-b-Gal staining in the
majority of cells, whereas non-balding DPC of the same
passage (i.e., P2) were nearly all negative for SA-b-Gal
although occasional positive cells were observed (Figure 3a
and b). Immunocytochemistry for proliferating cell nuclear
antigen (PCNA) revealed a very weak proliferation index in
balding DPC when compared with non-balding DPC (Figure
3c and d). Together these data strongly indicate that the loss
of proliferative capacity in balding DPC is associated with
premature cell senescence. Moreover, the fact that this is not
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Figure 1. Proliferation of balding and non-balding DPC in vitro. Alamar Blue
cell proliferation assay for passage 2 balding and non-balding DPCs, showing
slower rate of cell proliferation for balding DPC when compared with non-
balding cells. Experiments were carried out in triplicate for each time point
and represent n¼ 3 separate experiments.
a b
Figure 2. Morphology of balding and non-balding DPC in vitro. (a) Balding
DPC showing an enlarged, flattened, and senescent-like phenotype at passage
2 compared with (b) non-balding DPC showing normal morphology at
passage 4. Images were taken under a light microscope. Bar¼100 mm.
a b
c d
Figure 3. Senescence associated SA-b-Gal and PCNA expression in balding
and non-balding DPC. (a) SA-b-Gal staining of balding DPC passage 2
demonstrates increased SA-b-Gal activity when compared with
(b) non-balding DPC of the same passage. (d) Expression of nuclear
PCNA is seen in non-balding DPC, (c) in contrast there is a marked decrease
in PCNA expression in balding cells. Bar¼100 mm.
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seen in non-balding DPC suggests that this premature
senescence is a characteristic of balding cells in vitro.
Senescence of balding DPC is associated with expression of
p16INK4a, pRb and absence of Bmi-1
To strengthen the connection between loss of proliferative
capacity and premature senescence in balding DPC, we
investigated expression of the cyclin-dependent kinase
inhibitor p16INK4a, the retinoblastoma tumor supressor
protein pRb, and the tumor supressor protein p53. Because
balding DPC are slow growing, it is not possible to generate
sufficient number of cells for western blot analysis. We
therefore cultured balding and non-balding DPC on glass
coverslips and used immunocytochemistry to investigate
expression of p16INK4a, pRb, and p53. We observed that
balding DPC consistently exhibited increased expression of
p16INK4a and pRb (Figure 4a and c), whereas their expression
was undetectable in non-balding DPC (Figure 4b and d).
Neither balding nor non-balding DPC expressed p53 (data
not shown) suggesting that the senescence in balding DPC is
mediated via the p16INK4a/Rb pathway and may therefore be
associated with cellular stress and not replicative lifespan
(Ramirez et al., 2001; Jacobs and de Lange, 2004). In
addition, we also examined Bmi-1 expression in balding and
non-balding DPC. We show that while Bmi-1 is strongly
expressed in the nucleus of non-balding cells, Bmi-1 is
downregulated in balding DPC (Figure 4e and f). Expression
of Bmi-1 in non-balding DPC and its role as a transcriptional
repressor of the INK4a locus correlates with lack of p16INK4a
in these cells, whereas in balding DPC lack of Bmi-1
expression is concomitant with upregulation of p16INK4a
expression and further supports our hypothesis that premature
senescence of balding DPC is associated with the p16INK4a
pathway.
Balding DPC show changes in levels of expression and
distribution of stress-response proteins
Because balding DPC expressed p16INK4a and pRb but not
p53, we hypothesized that premature senescence of balding
DPC may be associated with DNA damage or oxidative
stress, which are known to cause fibroblast senescence in
vitro (Parrinello et al., 2003; Chen et al., 2004). By
immunocytochemistry, we investigated expression of the
stress-response HSP-27, catalase, and superoxide dismutase
(SOD-1) as well as the DNA damage proteins ATM and ATR.
Expressions of catalase (Figure 5a and b) and SOD-1 (Figure
5c and d) were detected at low levels in non-balding DPC,
where their expression was predominantly cytoplasmic.
Strikingly in balding DPC, expression of both catalase and
SOD-1 was restricted to nuclear and perinuclear compart-
ments and the cytoplasm was mainly negative. We observed
that HSP-27 was elevated in balding compared with non-
balding DPC (Figure 5e and f). Both DNA damage proteins
ATM and ATR were detected in balding but not in non-
balding DPC (Figure 6), which suggests that DNA damage
possibly resulting from oxidative stress may be involved in
the premature senescence of balding DPC in vitro.
DISCUSSION
Previous studies have reported that DPC from balding scalp
grow slower in vitro than DPC from non-balding scalp
(Randall et al., 1996). In this study, we were able to confirm
the slow growing nature of balding DPC in comparison to
non-balding cells. However, we show that this loss of
proliferative capacity as demonstrated by both cell prolifera-
tion assay and decreased PCNA expression is associated with
the onset of premature senescence as characterized by the
appearance of flat, enlarged and vacuolated cells, SA-b-Gal
staining, and increased expression of p16INK4a and pRb
(Bayreuther et al., 1988; Alaluf et al., 2000; Chen et al.,
2004).
A number of physiological stimuli can induce cell
senescence. These include extensive passage in culture
commonly referred to as replicative senescence (Hayflick
and Moorhead, 1961), exposure to environmental stress
(Chen et al., 1995; von Zglinicki et al., 1995), and oncogene
activation (Serrano et al., 1997; de Stanchina et al., 1998).
Replicative senescence following extensive passage in
culture is usually associated with progressive telomere
a b
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Figure 4. Expression of p16, pRB, and Bmi-1 in balding and non-balding
DPC. (a and b) Immunocytochemistry for p16, (c and d) pRB, and (e and f)
Bmi-1 in balding and non-balding DPC show expression of p16 and pRb in
(a and c) balding but not in (b and d) non-balding DPC. Bmi-1 a negative
regulator of p16 is downregulated in (e) balding but strongly expressed in
(f) the nucleus of non-balding DPC. Bar¼ 100mm.
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shortening and involves the activation of p53 and p21Cip1
(Dulic et al., 2000; Itahana et al., 2001). Whereas senescence
induced by environmental stress is mediated via the
p16INK4a/Rb pathway (Jacobs and de Lange, 2004). Our data
showing that senescence of balding DPC is associated with
increased expression of p16INK4a and pRb and not p53
suggests that the senescence of balding DPC in vitro is
stimulated by environmental stress and is not due to
replicative senescence. It is known that the rapid onset of
senescence in some cell types may be caused by the stress of
cell culture including high oxygen tension, lack of interac-
tions with neighboring cells, growth on plastic as well as
growth factor, and nutrient deficiencies of tissue culture
medium (Sherr and DePinho, 2000; Ben-Porath and Wein-
berg, 2005). In our study, only balding DPC showed this
premature stress response with non-balding DPC undergoing
repeated passage in vitro. This suggests that balding DPC are
more susceptible to the stress of tissue culture than non-
balding cells. That balding DPC may be more susceptible to
stress in general was further highlighted by our observation
that when matched cultures of balding and non-balding DPC
from the same patients and same passage (P2) were stored in
liquid nitrogen; non-balding DPC could be routinely recov-
ered back into culture, whereas balding DPC could not be
retrieved (unpublished observation). In total, we have
cultured balding DPC from over 20 patients and all have
been slow to grow in culture and shown premature
senescence. In contrast, we have never seen this in a similar
number of non-balding DPC cultures. Furthermore, we
routinely culture DPC from female facelift skin, pubic and
hirsute biopsies as well as male beard and have not seen
premature senescence in any of these cultures. Although we
cannot completely exclude the possibility that this premature
senescence is a site-specific phenomenon of frontal scalp
follicles, we suggest this is unlikely for the reasons outlined
above. It has not been possible to obtain frontal scalp
biopsies from healthy male patients, although we have
obtained non-balding male scalp samples from plastic
surgery and DPC from these follicles did not senesce.
Overexpression of Bmi-1, a suppressor of p16 and p19,
extends the replicative lifespan of mouse and human
fibroblasts (Jacobs et al., 1999). Therefore, our data showing
Bmi-1 expression in non-balding but not in balding DPC
correlates with the respective expression of p16INK4a in these
cells and provides further evidence that the premature
senescence of balding DPC is associated with the p16INK4a
pathway and that this may be mediated via downregulation
of Bmi-1.
Increased expression of p16INK4a has been reported
previously in cell senescence resulting from DNA damage
(Robles and Adami, 1998) and oxidative stress (Chen, 2000).
The phosphatidylinositol kinase-related kinases, ATM and
ATR have been shown to be essential components of the
machinery that controls checkpoint activation in response to
DNA damage (Zhou and Elledge, 2000). Therefore, our
observation that the expression of activated form of ATM and
a b
c d
Figure 6. Expression of DNA damage proteins in balding and non-balding
DPC. Increased expression of activated form of (a) ATM and (c) ATR is
observed in balding but not in (b and d) non-balding DPCs. Bar¼100 mm.
a b
c d
e f
Figure 5. Expression of catalase, SOD-1, and HSP-27 in balding and
non-balding DPC. Balding DPC showed a strong nuclear (a) catalase and
(c) SOD-1 expression, which contrasted to the mainly cytoplasmic expression
in (b and d) non-balding DPC. Increased expression of HSP-27 was also
observed in (e) balding but not in (f) non-balding DPC. Bar¼ 100mm.
www.jidonline.org 1091
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ATR were only detected in balding and not in the non-
balding DPC suggests that DNA damage may play an
important role in the onset of premature senescence in
balding DPC. However, whether this is due to oxidative stress
or other mechanisms remains to be determined.
SOD-1 and catalase prevent or terminate the reactions of
reactive oxygen species. SOD-1 and catalase were observed
in both balding and non-balding DPC. However, marked
differences in location were observed with both SOD-1
and catalase being mainly cytoplasmic in non-balding DP,
whereas in balding DPC expression was mainly perinuclear/
nuclear. This expression pattern was persistent in all the
balding DPC studied. SOD-1 is normally expressed in the
mitochondria and cytoplasm of eukaryotic cells, whereas
catalase is normally present in the peroxisome fraction.
Overexpression of catalase in cytosolic or mitochondrial
compartments has been shown to protect cells against
oxidative injury (Bai et al., 1999). However, catalase has
also been reported in the nuclear matrix of guinea-pig
hepatocytes where it is believed to play a similar protective
role (Yamamoto et al., 1988). Therefore, in balding DPC, the
nuclear localization of catalase and SOD-1 may reflect an
attempt by the cells to protect its nucleus from oxidative
damage. Finally, our data showing that HSP-27 was only
detected in balding DPC and not in non-balding cells also
suggests that balding cells are more sensitive to environ-
mental stress (Takayama et al., 2003).
Inui et al. (2002) have reported that cultured balding DPC
secrete more TGF-b than non-balding cells. TGF-b is known
to stimulate oxidative stress in human fibroblasts (Thannickal
and Fanburg, 1995). It is therefore possible that increased
production of TGF-b in vivo in response to androgens may
initiate cellular stress responses in balding hair follicles in
vivo. Senescent cells are known to have altered patterns of
gene expression and secrete a range of growth factors,
extracellular matrix proteins, and degradative enzymes
(Bavik et al., 2006). These may have a negative impact on
hair growth as recently demonstrated by Hamada and
Randall (2006) who showed that cultured balding DPC
secreted factors that inhibited anagen onset in mice.
In conclusion, we demonstrate that the proliferative
lifespan of DPC from the balding patients and cultured under
normal cell culture conditions is severely limited and
associated with stress-induced cell senescence. Cellular
senescence is known to represent an aging-associated
process and because senescent cells are known to accumu-
late with age (Dimri et al., 1995), it is possible that in some
scalp follicles aging results in increased susceptibility to
senescence. We suggest therefore that the premature stress-
induced senescence seen in vitro reflects an increased
susceptibility of balding DP to stress in vivo. Even if cell
senescence does not directly contribute to AGA, our data
clearly demonstrate that balding DPC are more responsive to
environmental stress than non-balding DPC and even subtle
changes in environment may well contribute to a decrease in
function of the DP in vivo leading to miniaturization of hair
follicles. Therefore, mechanisms that target stress pathways
may provide additional therapies for the treatment of AGA.
MATERIALS AND METHODS
Isolation and culture of human DPC
Matched punch biopsies (2mm) were taken from balding (frontal)
and non-balding (occipital) scalps of male patients who were
undergoing hair transplant surgery for male-pattern baldness. The
ethics approval for this study was obtained from East London and
City health authority (T/98/008) and all biopsies were taken with full
patient consent. Furthermore, all experiments adhered to the
Declaration of Helsinki Principles. The samples used in these studies
were taken from patients not currently using any hair loss
medications. Hair follicles were microdissected from balding and
non-balding scalp biopsies and the DP isolated under a dissecting
microscope as described previously (Philpott et al., 1994). We were
able to isolate between one and three balding and non-balding DPs
from each 2mm biopsy. These were then cultured in the DP media
containing Williams E media supplemented with 15% (v/v) fetal
bovine serum, 2mM glutamine, 100 ngml1 hydrocortisone,
10 mgml1 insulin, 100Uml1 penicillin G, and 100mgml1
streptomycin (all culture reagents supplied by Sigma, Dorset, UK)
at 371C in an atmosphere of 5% CO2 and 90% air (Messenger,
1984).
Alamar BlueTM cell proliferation assay
The proliferation rates of the balding and non-balding DPC at
passage 2 were measured using the Alamar BlueTM cell proliferation
assay (Biosource International Inc.) according to the manufacturer’s
instructions (Nociari et al., 1998). In brief, 2 104 cells were seeded
in individual wells of six-well culture plates and maintained over 10
days. Proliferation assays were carried out on days 1, 3, 5, 7, and 10
by adding Alamar BlueTM reagent directly to the culture medium and
incubating for 6 hours at 371C. Fluorescence was measured with
excitation wavelength at 530–560 nm and emission 590 nm using a
Wallac plate reader.
SA-b-Gal assay
Cytochemical detection of b-galactosidase was carried out accord-
ing to the method of Dimri et al. (1995). Briefly, monolayers of cells
were washed twice with phosphate-buffered saline (PBS) and then
fixed with 4% (v/v) paraformaldehyde for 15minutes at room
temperature. The cells were then washed twice with PBS and then
incubated overnight at 371C with 1mgml1 5-bromo-4-chloro-3-
inolyl-b-D-galactoside in dimethylformamide (20mgml1 stock),
5mm potassium ferrocyanide, 5mm potassium ferricyanide,
150mm NaCl, 2mm MgCl2, and 40mm citric acid/sodium
phosphate, pH 6.0.
Immunocytochemistry
Balding and non-balding DPCs were seeded at a density of 1 105
on to flame sterilized glass coverslips that had been placed in
six-well plates and cultured. The cells were then fixed with 4% (v/v)
paraformaldehyde, permeabilized with 0.1% (v/v) Triton, and their
endogenous peroxidase blocked in 0.3% (v/v) hydrogen peroxide/
70% methanol (v/v) followed by incubation in PBS-diluted horse
serum for 10minutes at room temperature. Coverslips were
incubated with primary antibody diluted in PBS overnight at 41C.
Antibodies used were as follows: PCNA (ab29; Abcam, Cambridge,
UK), p53 (ab7757; Abcam), p21 (H-164; Santa Cruz, Wiltshire, UK),
p16 (H-156; Santa Cruz), (G3–245; BD Pharmingen, Oxford, UK),
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catalase (ab1877; Abcam), SOD-1 (FL-154; Santa Cruz), and HSP-27
(H-77, Santa Cruz). After incubation with primary antibodies, cells
were washed three times with PBS. Secondary and tertiary
antibodies from Vectastain ABC Universal Elite kits (Vector
Laboratories, Peterborough, UK) were used in accordance with the
manufacturer’s instructions. Immunolocalization was visualized
with 3,30-diaminobenzidine tetrahydrochloride solution (Vectastain,
Southgate, UK), cells were counterstained with hematoxylin and
mounted in DePeX (BDH Laboratory Supplies, Poole, UK).
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